The soybean gene Glyma10g34760 appears to encode a RAV2-like transcription factor orthologue (DQ147914; hereafter GmRAV) based on sequence similarity. The gene is a member of the ERF/AP2 transcription factor family that has been shown to be increased in transcript abundance by cytokinins (CKs). Transgenic GmRAVoverexpressing (-ox) tobacco plants exhibited increased CK signalling-related phenotypes including dwarfism, reduced apical dominance, extreme longevity, vigorous outgrowth of lateral buds, small and dark green leaves, reduced root growth, repressed flowering under both long-and short-day conditions, and altered sensitivity to daylength. In contrast, inhibition (-i) of GmRAV in soybean displayed the opposite phenotypic alterations which were consistent with defects in CK signalling. Phenotypes included earlier time of emergence; reduced numbers of branches, leaves, and flower buds; increased plant height; increased apical dominance; and earlier flowering and maturity. GmRAV-i soybean was less sensitive to cytokinin in hypocotyls and root growth inhibition assays. GmRAV-i soybean showed decreased frequency of adventious shoot formation in tissue culture in the presence of CKs, which might be attributed to the significantly decreased activities of CUC2, STM, and WUS involved in shoot meristem specification. GmRAV protein was localized in the nucleus in leaves. The GmRAV promoter-b-glucuronidase (GUS) fusion was largely expressed in a meristematic region of the shoot apex, which was consistent with expressed sequence tag and microarray data. GmRAV was inferred to play a key role in CK and photoperiod signalling that subsequently regulated plant development.
Introduction
The production of transgenic soybeans remains difficult, mostly due to difficulty with plant regeneration (Olhoft et al., 2003; Kita et al., 2007) . Thus, identification of genes regulating the shoot regeneration efficiency of soybean will have significance for the biotechnology industry. Cytokinins (CKs) have been implicated in nearly all aspects of plant growth and development, including cell division, shoot initiation and development, shoot induction, inhibition of senescence, and root growth (Mok and Mok, 2001) . Reduced endogenous CK concentrations inhibit shoot development and increase primary root growth and branching, while elevated amounts of CK can release apical dominance, reduce root development, delay senescence, and enhance shoot regeneration in tissue cultures (Gan and Amasino, 1995; Zubko et al., 2002) .
Recently, the major steps of CK signalling have been elucidated in Arabidopsis, where CKs were shown to be perceived by three membrane-located sensor histidine kinases (AHKs) (Inoue et al., 2001; Suzuki et al., 2001; Ueguchi et al., 2001) . Binding of CKs to the AHKs initiated a phosphorelay in which the Arabidopsis histidine-containing phosphotransfer proteins (AHPs) were phosphorylated. Phosphorylated AHPs were translocated into the nucleus where they appeared to transfer the phosphate to the Arabidopsis type-B response regulators (ARRs) (Sakai et al., 2000; Lohrmann et al., 2001) . Type-B ARR proteins activated immediate-early response genes. The best known class of immediate early genes in Arabidopsis is the type-A ARRs, which increase in transcript abundance within minutes after a CK pulse (Brandstatter and Kieber, 1998; Taniguchi et al., 1998) . Type-A ARRs act as negative regulators on the CK signalling pathway (To et al., 2004) . Considerable progress has been made in identifying genes involved in CK signalling. However, less is known about control of downstream developmental events activated by CK.
In many plant species, the shoot apices repress axillary bud growth and allow grow predominantly at the shoot tips (Cline, 1994) . This phenomenon is called apical dominance. It is regulated by the plant hormones auxin and CK. Auxin, transported basipetally from the shoot apex, inhibits the growth of axillary buds, while CKs, transported from the root tips, promote the growth of axillary buds (Shimizu-Sato and Mori, 2001) . Axillary bud growth promotion was thought to be a consequence of reduced endogenous auxin and increased CKs. In addition, plants have the remarkable ability to regenerate in tissue culture conditions under the influence of plant hormones, such as CK and auxin. A relatively low ratio of auxin to CK results in shoot differentiation, while the reverse situation promotes root initiation. The molecular events underlying the regeneration of shoots and the role of CK in that process include the involvement of several transcription factors (Cary et al., 2002; Che et al., 2006) . One of the largest and most diverse families of transcription factors in Arabidopsis is the AP2/ ERBP family. The AP2/ERFs have been divided into five subfamilies: the AP2 subfamily, the RAV subfamily, the DREB (A) subfamily, the ERF (ethylene response factor; B) subfamily, and others (Sakuma et al., 2002) . RAV (related to ABI3/VP1) subfamily transcription factors contain an AP2/ ERF domain (Pfam847) in their N-terminal regions, and a B3 domain (Pfam 2362) in their C-terminal regions (Sakuma et al., 2002) . The roles of RAV subfamily proteins in Arabidopsis include the involvement in cold tolerance, dehydration, and the circadian rhythm clock. A few members of the ERF subfamily in Arabidopsis have been shown to have developmental roles, such as TINY and BOLITA (BOL) (Wilson et al., 1996; Marsch-Martinez et al., 2006) . Overexpression of both TINY and BOL leads to plants that have organs of reduced size, due to a reduction in cell elongation. Four ERF subfamily transcription factor genes have been shown to increase the shoot regeneration capacity in tissue culture, ENHANCER OF SHOOT REGENERA-TION 1 (ESR1), ENHANCER OF SHOOT REGENERA-TION2 (ESR2), RAP2.6L (At5g13330), and BABY BOOM (BBM) (Banno et al., 2001; Che et al., 2006; Ikeda et al., 2006; Srinivasan et al., 2007) . Overexpression of these genes increased the efficiency of shoot development and impacted the expression of shoot meristem-specifying STM (SHOOT MERISTEMLESS) and WUS (WUSCHEL) genes. There have been several reports concerning the roles of shoot apical meristem (SAM) regulator genes in shoot regeneration of Arabidopsis in tissue culture. Cary et al. (2002) profiled the expression of SAM-related genes during shoot regeneration, and showed that induction of CUC1 (CUP-SHAPED COTYLEDON1) and CUC2 preceded the emergence of visible shoots, whereas STM expression coincided with shoot emergence.
Soybean is a short-day (SD) plant, and photoperiod controls the duration of both pre-and post-flowering phases (Hadley et al., 1984; Zhang et al., 2001) . Long photoperiods delay floral initiation and slow down the rate of development of flower primordia and, consequently, delay flowering. However, the identity of the genetic components contributing to the photoperiodic response in soybean has not been well characterized. Glyma10g34760 appears to encode a RAV2-like transcription factor orthologue (DQ147914; hereafter GmRAV; Zhao et al., 2008; Schmutz et al., 2010) . However, functional orthology between Arabidopsis and soybean transcription factors cannot be reliably predicted from sequence similarity alone (Schmutz et al., 2010) . Further, GmRAV was one of four RAV2-like paralogues in the soybean genome. The paralogue with the highest similarity to GmRAV (82.04 %) was Glyma20g32730. Therefore, GmRAV may or may not be a complete functional orthologue of any AtRAV2 family member.
In this study, GmRAV was highly expressed in transgenic tobacco and inhibited in transgenic soybean. Thereby, it was shown to be an early responder in CK signalling in shoot development; in the photoperiodic control of flowering time; cell proliferation; and differentiation. GmRAV was inferred to be a CK and photoperiod signalling component involved in regulating plant development.
Materials and methods

Plant materials and growth conditions
The transgenic Cauliflower mosaic virus (CaMV) 35S::GmRAV tobacco lines have been described previously (Zhao et al., 2008 . Subsequently, the seedlings were grown in the growth chamber at 24°C under LD conditions. For treatment with CKs, 15-day-old soybean and GmRAV promoter::GUS (b-glucuronidase) transgenic Arabidopsis leaves after germination were sprayed with 5 mM 6-benzyladenine (6-BA). The leaves of treated plants were harvested at various times after the treatments. Controls were treated with the same diluent without hormone. Fifteen seedlings were examined with three replicates for each treatment, and the standard deviations were calculated.
Isolation and anaylsis of the GmRAV gene promoter Genomic DNA was extracted from soybean leaves. Thermal asymmetric interlaced (TAIL) PCR was used to amplify the upstream region of GmRAV (Liu et al. 1995) . The GmRAV-specific primers SP1, SP2, and SP3, according to the known cDNA sequence of the soybean GmRAV and the arbitrary degenerate primer AD2 (Supplementary Table S3 available at JXB online), were used for PCR amplification.
GmRAV promoter-GUS plasmid, pCAMBIA1302-GmRAV plasmid, and GmRAV-RNAi plasmid construction and Arabidopsis transformation The GmRAV promoter-GUS fusion construct was prepared to examine the expression pattern of the GmRAV promoter. To construct the -872 (relative to the transcription start) to -l GmRAV::GUS plasmids, the GmRAV promoter regions were amplified using GmRAVp-F and GmRAVp-R primers (Supplementary Table S3 ). The BamHI-HindIII fragments of the PCR products were ligated into the corresponding sites of the pBI121 vector (Clontech, Mountain View, CA, USA). GmRAV coding sequences were amplified by PCR using GmRAVc-F and GmRAVc-R primers (Supplementary Table S3 ) to introduce a BglII site at the 5# end and a SpeI site at the 3# end. The digested fragment was inserted into the plant green fluorescent protein (GFP) expression vector pCAMBIA1302 to make a translational fusion with GFP. For GmRAV-RNAi construction, 275 bp specific sequences in the GmRAV mRNA were selected for construction of RNA interference (RNAi) fragments. A cDNA fragment of GmRAV was amplified by PCR with GmRAV-i-F and GmRAV-i-R primers (Supplementary Table S3 ). The GmRAV-specific PCR products were recombined into the vector pDONR201 (Invitrogen, Carlsbad, CA, USA) by Gateway BP reaction. The Gateway LR recombination reaction was conducted according to the manufacturer's protocol to incorporate the GmRAV-specific fragment into the binary T-DNA destination vector pJawoh18 for RNAi constructs. The constructs were then transferred into the Agrobacterium tumefaciens strain, LBA4404, via tri-parental mating. Transformation of Arabidopsis was performed by the vacuum infiltration method (Bechtold and Pelletier, 1998) . T 3 homozygous Arabidopsis lines were used for the phenotypic investigation.
Soybean cultivars, seed germination, explant preparation, and inoculation The cotyledon-node method described herein was modified from Olhoft (2003; Supplementay Table S4 at JXB online). Soybean seeds from the cultivar 'Dong Nong 50' show outstanding shoot regeneration ability. The cultivar is widely grown in North China. Cotyledon nodes were utilized for Agrobacterium-mediated transformation in the present study. Healthy and dry seeds were surface sterilized for 8 h using chlorine gas and then were germinated on growth medium (GM) and placed in a growth chamber averaging 25°C under fluorescent lighting (150-200 lmol photons m À2 s À1 ) in a 16/8 h (light/dark) photoperiod until the epicotyl elongated to 0.5-1.0 cm in length, after ;5-7 d. Cotyledon-node explants were prepared following the method described by Olhoft et al. (2003) . Approximately 50 explants were then inoculated in the 25 ml of co-cultivation/A. tumefaciens suspension (OD 600 ¼0.8) for 30 min with occasional agitation. After this time, five explants (adaxial side down) were randomly placed in Petri dishes on a sterile 70 mm Whatman filter paper placed on solid CCM at 25°C for 3-4 d in the dark.
Transgenic shoot selection and plant regeneration
The co-cultivated explants were first briefly washed using liquid shoot induction medium (SIM), and subsequently were cultured on recovery medium [SIM without phosphoinothricin (PPT)] for 7 d. The viable calluses were then selected on SIM for 10 d. Large shoots that may have developed from primary shoot were cut and discarded. Following culture on SIM, the cotyledons were removed from the explants and the differentiating tissues were transferred to the shoot elongation medium (SEM). Subculture to fresh medium was done every 2 weeks. The elongated shoots (4-6 cm height) were then rooted in rooting medium (RM). After the roots were fully developed, the plantlets were transplanted to pots containing a mixture of vermiculite, topsoil, and peat (1:1:1), and grown in a greenhouse at 25°C under an 18 h photoperiod.
Cytokinin sensitivity for shoot regeneration For CK bioassays, ;0.530.5 cm 2 leaf discs from WT and GmRAV-ox tobacco plants were excised from the third leaf of 5-week-old plants growing on MS medium without hormones. The leaf discs were cultured on MS medium containing various concentrations of 6-BA, with and without 0.2 mM naphthalene acetic acid (NAA), or hormone-free MS medium at 25°C under LD conditions. Three replicates of two plates, each containing 20 explants, were made for each concentration. Greening and regeneration from the explants were examined after 20 d and photographs were taken.
To assay the shoot initiation of rav mutants, soybean GmRAV-i seedlings and Arabidopsis rav plants were also used. WT soybean and GmRAV-i 3 seedlings (line 3) of the T 6 generation were grown for 6 d on soybean germination medium. Cotyledon explants were selected for uniformity and randomly assigned to treatments. Cotyledon explants were transferred to SIM containing two different concentrations of 6-BA: 0.05 mg l À1 and 0.1 mg l À1 6-BA at 25°C under LD conditions. Shoot regeneration experiments were repeated three times with 20 explants tested in each independent experiment. Shoot greening and regeneration from the explants were examined after 9 d and photographs were taken. In Arabidopsis assays, 5 mm root segments taken from 8-day-old light-grown Arabidopsis seedlings were cut and transferred to callus-inducing medium (CIM): Gamborg's B5 medium (Gamborg et al., 1968) with 0.5 g l À1 MES, 2.2 lM 2,4-dichlorophenoxyacetic acid, 0.2 lM kinetin, and 0.8% (w/v) agarose. Explants were preincubated on CIM for 4 d and then transferred to SIM containing 0.75 lM indole acetic acid (IAA) and varying concentrations of isopentenyladenine (2-iP). Shoot greening and regeneration from the explants were examined after 22 d growth on SIM.
GUS assays
GUS activity was assayed in T 3 transgenic Arabidopsis. GUS staining and GUS activity measurements (using ;40-50 seedlings in each sample) were carried out following the procedures described by Jefferson et al. (1987) .
Subcellular localization analysis with the GFP reporter
The constructs of the translational fusion pCAMBIA1302-GmRAV-GFP expression vectors (5 lg of plasmid DNA per assay) were bombarded into single-layer onion epidermal cells using the Biolistic PDS-1000/He Particle Delivery System (Bio-Rad, Hercules, CA, USA) and were observed with a Leica (Wetzlar, Germany) DMI 6000 microscope. Root tips were sampled from 6-to 10-day-old pCAMBIA1302-GmRAV-GFP T 1 Arabidopsis plants and stained with propidium iodide (PI) (10 lg ml À1 ). GFP fluorescence was visualized using a confocal laser scanning microscope (LSM 510, Zeiss, Thornwood, NY, USA).
RT-PCR analysis
About 1 lg of total RNA from the leaves of soybean Dong Nong L13, GmRAV-ox, and WT tobacco, GmRAV-i and WT soybean Dong Nong 50, rav and WT Arabidopsis leaves was used for each reverse transcription with an oligo(dT) primer. Semi-quantitative RT-PCR analysis was used to confirm expression patterns of RAV and some potential downstream regulated genes in transgenic and WT plants. Primer pairs for NtCycD (AY776172) and NtActin (X63603) are described in Supplementary Table S3 at JXB online. Primer pairs for Arabidopsis CUC1, CUC2, STM, WUS, and ACTIN and PCR conditions have been described by Hibara et al. (2003) , and those for CycD3;1 were described by Ikeda et al. (2006) . Primer pairs for soybean genes are described in Table S3 . GmRAV-isq-F and GmRAV-isq-R were used to detect the level of GmRAV gene silencing in soybean GmRAV-i seedlings (Supplementayr Table S3 ). Amplified DNA fragments were separated on a 2% (w/v) agarose gel. Primer pairs for soybean GmRAV and Actin have been described (Zhao et al. 2008) .
Scanning electron microscopy
Tobacco leaves and stems were harvested from mature plants and observed directly by a JSM-5800 scanning electron microscope (JEOL Inc., Tokyo, Japan) equipped with a cooling stage.
Results
Overexpression of GmRAV in transgenic tobacco plants and the inhibition of GmRAV in altered soybean plant development
Dwarfing, more vigorous outgrowth of lateral buds, shorter root lengths and number of roots, fewer capsules, and longer hypocotyls were the major phenotypic effects of GmRAV-ox from the 35S promoter in all T 5 generation plants from five independent transgenic tobacco lines, and a single-copy transgenic tobacco line was used for the experiments below ( Fig. 1A, B ; Supplementary Table S1 at JXB online). GmRAV-ox exhibited stronger dwarfing and delayed flowering and longer hypocotyls in SD than in LD conditions (Supplementary Table S1 ). The reduction of stem height in transgenic GmRAV-ox tobacco plants was due to decreased internode lengths, especially under SD conditions, since the node number was not changed (Fig. 1A, B) . In contrast, the GmRAV-ox seedlings had longer hypocotyls than the WT seedlings in both LD and SD photoperiods (Supplementary Table S1 ). The flowering time of GmRAV-ox was delayed, as compared with the WT, due to a longer vegetative phase. The capsule numbers of GmRAV-ox transgenic tobacco plants were much fewer in SD conditions than in LD conditions compared with the WT plants. However, the capsules contained larger seed (Fig. 1E) . In WT tobacco plants, there was rarely an axillary bud at the axils of leaves at the early vegetative phase. The outgrowth of axillary buds at the axils of several leaves in WT plants appeared later at the end of the vegetative phase. They were fewer and smaller than the GmRAV-ox tobacco buds (Fig. 1B, D) . In contrast, GmRAV-ox tobacco buds showed the phenomena of decreased apical dominance and increased regeneration into vegetative shoots, producing more than two leaves at the axils of almost all leaves, each of which could reach 1 cm in length (Fig. 1D) .
Furthermore, in an effort to evaluate the functional consequences of the loss of GmRAV in soybean, three GmRAV RNAi-inhibited (GmRAV-i) soybean transgenic lines were generated using 275 bp cDNA sequences. The transcript of GmRAV (GmRAV-i) only was reduced, as shown by the results of semi-quantitative RT-PCR (Fig. 2B) . All the three independent T 6 generation GmRAV-i soybean transgenic lines displayed opposite phenotypic alterations, compared with the tobacco plants expressing GmRAV from the CaMV 35S promoter. Pleiotropic and abnormal developmental phenotypes were observed in these GmRAVi lines, including earlier emergence, reduced numbers of branches, leaves, and flower buds, increased plant heights due to the larger internode lengths, longer petioles, larger leaves, increased apical dominance, and earlier flowering and maturity ( Fig. 2A ; Supplementary Table S2 at JXB online). Interestingly, both earlier germination and hypocotyl emergence wfiere observed in both GmRAV-ox and GmRAV-i seedlings. This might be attributed to cosuppression in some cell types of the germinating seed during the ectopic expression in tobacco.
Response of GmRAV-ox tobacco and GmRAV-i soybean seedlings to the cytokinin 6-BA GmRAV-ox tobacco plants exhibited CK signalling-related phenotypes including vigorous outgrowth of lateral buds, dark green and small leaves, short internodes, short roots, and delayed senescence (Fig. 1A-D) . The reduced apical dominance and dwarf phenotype observed in GmRAV-ox plant were similar to those seen in tobacco expressing the ipt gene (Faiss et al., 1997) , and the Arabidopsis mutants chi and amp1 (Chin-Atkins et al., 1996; Catterou et al., 2002) with increased CK responses. In contrast, the phenotype of GmRAV-i soybean seedlings was typical of a CK-insensitive or a CK-deficient mutant: reduced number of branches, enhanced apical dominance, increased height, and promotion of flowering and maturity. As expected, GmRAV-i soybean seedlings also developed slightly longer hypocotyls, longer main roots and lateral roots, as well as more lateral roots (Fig. 3A) , traits related to CK-resistant action.
Therefore, the responses to exogenous CK applications by the GmRAV-ox tobacco and GmRAV-i soybean plants were studied. The sensitivity of GmRAV-ox tobacco and GmRAV-i soybean seedlings towards 6-BA was assayed in root and hypocotyl growth inhibition assays. The root lengths of GmRAV-ox tobacco were significantly more inhibited by 6-BA as compared with the WT, especially at 1 lM 6-BA (Fig. 3B) , suggesting that GmRAV-ox tobacco roots had an increased sensitivity to 6-BA. However, under the same conditions, the behaviour of GmRAV-ox tobacco was not substantially different from that of the WT seedlings in a hypocotyl growth inhibition assay (data not shown). In contrast, in soybean root growth inhibition assays, because the main root growth was totally inhibited at 0.5 mg l À1 and 1 mg l À1 6-BA, the effect of 6-BA on the number of lateral roots was checked. The number of lateral roots was reduced slightly at 0.5 mg l À1 6-BA, but was greatly reduced at 1 mg l À1 6-BA (Fig. 3C ). This might indicate that GmRAV-i seedlings were less sensitive to an effect on the number of lateral roots at low 6-BA concentrations. Furthermore, in the hypocotyl growth inhibition assay, the elongation at all concentrations of 6-BA was significantly more inhibited in GmRAV-i seedlings than in the WT seedlings (Fig. 3D) . Moreover, seed coat splitting open and true leaves protruding were mostly unaltered in GmRAV-i seedlings at 0.5 mg l À1 6-BA compared with the WT seedlings. In agreement with the GmRAV-ox tobacco results, the GmRAV-i soybean seedlings showed a significantly reduced sensitivity to CKs in root and hypocotyl growth inhibition assays.
To investigate the cellular basis of the shortening of the length of stem internodes and leaf sizes, epidermal cells on the stem and adaxial side of transgenic tobacco leaves were examined by light microscopy and scanning electron microscopy (SEM). The epidermal cells in the stem internodes of the GmRAV-ox tobacco plants were obviously smaller than those in WT plants in both longitudinal directions, but larger in the lateral direction (Fig. 4A, B) . The GmRAV-ox plants had smaller leaf cells than the WT (Fig. 4C) . Therefore, the dwarf phenotype of GmRAV-ox tobacco may be largely caused by reduced cell size (Fig. 4D) . Cell size reduction was sufficient to counteract the growth effects of the increased cell proliferation rate.
Effects of GmRAV on shoot regeneration
In order to determine if the GmRAV-ox seedlings were affected in their CK signalling pathways, GmRAV-ox and WT tobacco seedlings were treated for 15 d on MS medium containing 0.01, 0.03, 0.05, 0.08, 0.1, and 0.15 mg l À1 6-BA. In addition, SIM containing 0.2, 0.4, 0.6, 0.8, and 1 mg l À1 6-BA and 0.2 mg l À1 NAA was used. As expected, excised WT leaf discs each developed a single root on media without any hormones, whereas GmRAV-ox tobacco leaf discs developed no roots or calluses on the same medium (Fig. 5A) .
Organogenesis and shoot production could occur on the GmRAV-ox, but not on WT leaf discs cultured on only 0.05 mg l À1 6-BA medium (data not shown). Moreover, shoot regeneration could occur on the GmRAV-ox explants cultured on 0.2 mg l À1 6-BA and 0.2 mg L À1 NAA SIM, in contrast to no callus formation on WT explants (Fig. 5A) . Shoot production was only observed on WT leaf discs on concentrations of CK above 0.1 mg l À1 6-BA on MS medium, and above 0.4 mg l À1 6-BA and 0.2 mg l À1 NAA on SIM (data not shown).
The shoots formed from WT leaf discs were larger, less green, and were fewer in number (360.53 shoots/explants), than shoots formed on GmRAV-ox explants (1260.23 shoots/explant) on 0.15 mg l À1 6-BA SIM (Fig. 5A) . The effect was seen after 20 d on 0.15 mg l À1 6-BA MS medium and 0.4 mg l À1 6-BA and 0.2 mg l À1 NAA SIM (data not shown). Therefore, the GmRAV-ox explants had an increased capacity for callus and green shoot formation relative to the WT. However, the shoots grew more slowly. GmRAV-ox showed greatly increased efficiency of adventitious shoot regeneration from tobacco leaf disc explants in the presence of CK.
To investigate further whether GmRAV-i in soybean reduced the shoot regeneration, cotyledonary explants from 6-day-old, light-grown WT and T 6 GmRAV-i soybean plants cultured on GM were transferred to SIM. The lower frequency of shoot regeneration was observed when the cotyledonary nodes of the GmRAV-i soybean seedlings were cultured in the presence of both 0.0835 mg l À1 and 0.167 mg l À1 6-BA compared with WT soybean (Fig. 5B ). There were fewer smaller and less green shoots on GmRAV-i cotyledonary explants on SIM at 0.167 mg l À1 6-BA (1861.52 shoots/explant) after 9 d compared with the WT (761.35 shoots/explant).
Effect of mutations in AtRAV on shoot regeneration
To investigate the role of RAV in shoot regeneration of different plants more widely, a mutant of an Arabidopsis AtRAV (At1g25560) gene was identified. The rav homozygous mutant line (SALK_029626c) was identified. RT-PCR analysis, using primers AtRAV-F and AtRAV-R, upstream of the T-DNA insertion, demonstrated no expression of AtRAV mRNA in homozygous rav plants (data not shown). These plant lines were chosen to carry out shoot regeneration in tissue culture. Root explants of 8-day-old light-grown WT and a rav homozygous line (SALK_029626c) were grown on regeneration medium containing different concentrations of 2-iP (Fig. 5C ). Shoot regeneration could occur from the WT roots cultured on 0.5 lM 2-iP medium, in contrast to no shoots formed on rav explants. Moreover, there were fewer shoots on rav root explants on SIM at 5 lM 2-iP (0.31 shoots/explant) after 22 d compared with the WT (0.8 shoots/explant). In addition, the shoots on rav explants were smaller and less green, giving an overall appearance of much diminished shoot formation in the mutant compared with the WT, further strengthening the view that RAV orthologues were involved in shoot regeneration in both soybean and Arabidopsis.
Effects of RAV underexpression in soybean and
Arabidopsis on the abundance of transcripts encoded by cell cycle genes and SAM regulator genes
The phenotypes of transgenic soybean were consistent with those expected from decreased CK signalling. GmRAV may act on the regulation of cell division in the SAM and young leaves. To characterize the effects of the GmRAV-i on transcript abundance of cell cycle and SAM regulator genes, the mRNAs encoding CycD3, CUC2, STM, and WUS orthologues were compared between WT and GmRAV RNAi transgenic soybean (Fig. 2C) . Likewise, the transcript abundances of CycD3;1, CUC1, CUC2, STM, and WUS were also compared between WT and the Arabidopsis rav mutant (Fig. 2D) . The transcript abundance of CUC2 was decreased in GmRAV-i soybean, suggesting that GmRAV might regulate CUC2 expression (Fig. 2C) . The transcript abundance of both CUC1 and CUC2 was decreased in the Arabidopsis rav mutant (Fig. 2D) . The transcript abundances of STM and WUS were also decreased in GmRAV-i soybean and the Arabidopsis rav mutant (Fig. 2C, D) . The decreased CycD3, CUC2, STM, and WUS transcript abundances were correlated with lower cell proliferation growth rates of CK-related plants, fewer numbers of branches and leaves in soybean, and vigorous outgrowth of lateral buds in tobacco. In summary, GmRAV altered the abundance of transcripts encoded by genes involved in cell division, meristem specification, or maintenance in soybean and Arabidopsis.
Effects of GmRAV-ox in tobacco on the abundance of transcripts encoded by a cell cycle gene and SAM regulator genes
As only the CycD gene sequence was found in GenBank for tobacco, only this gene was compared among WT and GmRAV-ox tobacco. The transcript abundance of CycD was increased in GmRAV-ox tobacco (Fig. 1F) , in contrast to the decrease in GmRAV-i soybean and the Arabidopsis rav mutant, with a decreased cell proliferation rate (Fig. 2C, D) . Decreased CycD3 activity might underlie the greater outgrowth of tobacco lateral buds and the decrease in the numbers of branches and leaves in GmRAV-i soybean. 
Increased GmRAV gene expression by exogenous applications of CK
The transcript abundance and promoter activity of GmRAV were measured to determine whether exogenous 6-BA application could increase expression (Fig. 6A) . The GmRAV transcript in soybean leaves was analysed by semi-quantitative RT-PCR using GmRAV-isq-F and GmRAV-isq-R primers. The transcript started to accumulate 4 h after treatment with 6-BA, increased to a maximum 8 h, and remained detectable 24 h after treatment. Similar results were obtained from quantitative GUS activity measurement of GmRAV promoter-GUS transgenic Arabidopsis, which showed that the activity of the GmRAV promoter was rapidly increased by 1 h after treatment with 6-BA in the leaves. The GUS activity accumulated to a maximum within 8 h and remained highly active 48 h after treatment (Fig. 6B) .
Pattern of GmRAV gene expression in Arabidopsis
Understanding the developmental expression and regulation of GmRAV should provide further insight into its potential function in plant development. Organ-specific expression of GUS was measured throughout plant development and in response to a variety of conditions. GUS was greatly expressed in the shoot apex and vasculature of rosette leaves and hypocotyls. In 16 h germinating embryos and 1-day-old seedlings of Arabidopsis, GUS expression was detected in the developing cotyledons (Fig. 7A, B) . GUS expression remained high in the vasculature of the leaves of 5-and 8-day-old seedlings and of 15-day-old rosettes and hypocotyls, and was especially strong in the shoot apex ( Fig. 7C-E) . GUS activity was detected in cotyledons and senescent rosette leaves within the leaves of 30-day-old seedlings ( Fig. 7F-K ), but not in the vasculature of cauline leaves (Fig. 7L) .During Arabidopsis reproductive development, GUS was strongly expressed in various flower parts including receptacles, sepals, the vasculature of stamen filaments (Fig. 7M) , pistils (Fig. 7N) , and in the vasculature and receptacle of siliques (Fig. 7O, Q) . In 39-day-old plants, weaker GUS expression was also detected in petals and anthers (Fig. 7K, M) , whereas no detectable activity was found in the developing seeds within siliques (Fig. 7P ). High GUS activity was detected in petioles and the leaf conductive system.
Effects of GmRAV overexpression on photoperiod response of flowering time
The transcript abundance of soybean GmRAV was previously shown to be affected by daylength in soybean leaves (Zhao et al., 2008) . To examine whether ectopically expressed GmRAV acted in a photoperiod functional context, the flowering time in WT and GmRAV-ox tobacco plants under two photoperiods conditions was analysed. The late-flowering phenotype of GmRAV-ox plants was observed regardless of daylength, but it was enhanced under SD compared with LD conditions (Supplemetary Table S1 at JXB online). Overexpression of GmRAV in transgenic tobacco plants delayed flowering in both LD and SD conditions compared with the WT. SD conditions delayed flowering of WT plants by ;3 d compared with those in LD conditions. However, GmRAV-ox tobacco in SD conditions delayed flowering by ;2 d compared with those in LD conditions. Overexpression of GmRAV in tobacco plants showed an increased sensitivity of the photoperiod response of flowering time. This indicated that GmRAV delayed flowering in tobacco in a daylength-dependent manner. Therefore, GmRAV regulated the photoperiodic control of flowering time responses in tobacco plants. Likewise, GmRAV-i soybean flowered earlier, probably by increasing the transcript abundance of GmFT2a without affecting GmCO expression (Fig. 2C ).
GmRAV-GFP fusion protein was localized in the nuclei
To test the hypothesis that GmRAV was a functional transcription factor, the subcellular localization of GmRAV was analysed using onion epidermal cells and transgenic Arabidopsis root tips expressing GmRAV fused to GFP. In the 35S::GFP onion epidermal cells and Arabidopsis root rips, strong GFP fluorescence was observed in both the nucleus and cytoplasm (Fig. 8B, E) . GFP fluorescence was almost entirely restricted to the nuclei, and almost no fluorescence was observed in the cytoplasm in the 35S::GmRAV::GFP onion epidermal cells and plants (Fig. 8D, G) . Therefore, both subcellular localization experiments were consistent with the hypothesis that GmRAV was a functional transcription factor.
Discussion
GmRAV affected cell growth, proliferation, and differentiation
Cell proliferation and differentiation are regulated to form an organized pattern of development directed by the axillary meristems (Meijer and Murray, 2001) . GmRAV-ox plants with altered cell size and cell proliferation rates caused dwarfed plants with height reduced by ;1.6-fold. The reduction of cell size was counteracted by the increased cell numbers and so Cyclin (CycD) transcript abundance was increased. Leaf morphology was altered, with small petioles, and more and smaller leaves. All measures indicated that the cell cycle in GmRAV-ox tobacco was altered. The activity of soybean GmRAV in both a Solanaceous plant and a Brassica inferred that the function of GmRAV in cell growth regulation during development evolved before those lineages split and has been conserved. CYCD3 genes were activated by CKs (Gaudin et al., 2000) , and were active in proliferating, undifferentiated cells (Nogué et al., 2000; Dewitte and Murray, 2003) . CYCD3;1 transcript abundance was increased in GmRAV-ox plants, supporting evidence for a role for GmRAV in cell proliferation. Moreover, some of the phenotypic features of plants overexpressing CYCD3;1 with small leaves, and a reduced cell size and increased number (Dewitte and Murray, 2003) were also observed in GmRAVox plants. Finally, meristematic activity was affected in the GmRAV overexpressors in a way that correlated with the increased abundances of transcripts encoded by the STM and WUS genes. In contrast, the opposite results of underexpressing the GmRAV gene in GmRAV-i soybean or the Arabidopsis rav mutant reducing cell proliferation and differentiation also corresponded to the overexpression. The same genes were affected in the amp1 mutant and in ipt transgenics of Arabidopsis that were altered in CK response and biosynthesis (Pines, 1995) .
GmRAV-ox plants showed a 'CK syndrome' phenotype
The GmRAV-ox tobacco plants showed an increment of the CK signalling action. Altered regulation of cell division in the SAM and young leaves resulted in a number of developmental abnormalities. Previously, the exogenous application of CK was found to initiate ectopic buds, to release lateral buds from apical dominance, and to delay senescence (Hobbie et al., 1994; Tantikanjana et al., 2001) . Most of these effects were observed in the GmRAV-ox tobacco plants, including reduced apical dominance, slower growth of shoots, release of lateral buds from apical dominance, increased axillary branching, retarded flowering, reduced expansion of leaves, delayed senescence, a higher in vitro regeneration ability in the presence of CK, dark-green colour, and dwarfism. Each phenotype would be expected from plants overproducing CKs or with increased sensitivity in CK signalling. Similar phenotypes including the decrease in apical dominance, bushy appearance, high number of leaves, and increased regeneration in tissue culture were among those found in reports on CK-overproducing plants transformed with ipt, or mutants such as amp1 and hoc (Chin-Atkins et al., 1996; Faiss et al., 1997; Catterou et al., 2002) . Likewise, the phenotype of GmRAV-i soybean seedlings was also typical of a CK-insensitive mutant: reduced number of branches, longer main root and lateral roots, as well as more lateral roots, enhanced apical dominance, increased height, and promotion of flowering and maturity. In addition, a reduced level of GmRAV expression in GmRAV-i soybean seedlings decreased CK sensitivity in root and hypocotyl growth inhibition assays.
Functions of GmRAV in CK signalling
CKs control branching, and exert a strong and direct stimulatory effect on the outgrowth of buds and adventitious shoot formation. Previous studies reported that the type-B ARRs activated the transcription of a subset of the AP2 family CK RESPONSE FACTORS (CRF) genes including CRF2, CRF5, and CRF6 to mediate the initial CK response (Rashotte et al., 2006) . The expression of the GmRAV gene of the AP2/ERBP family was also upregulated by CK, but more slowly than that of CRF2 and CRF5. Therefore, GmRAV might act at the same layer as one of the CRFs involved in the early response to CKs. Furthermore, the GmRAV-ox tobacco and GmRAV-i soybean also showed an increased and decreased 'CK syndrome' phenotype, respectively. Considering its early induction by CK, GmRAV was likely to be a primary response gene in CK signalling, and it might be an upstream activator for CK-induced shoot regeneration. GmRAV most probably functions in a branch of the CK signalling pathway that directs shoot regeneration.
GmRAV induced adventitous shoot formation through CUC2 and activation in the presence of CK RAV inhibition in both soybean and Arabidopsis significantly decreased the transcript abundance of CUC2, STM, and WUS, which meant that GmRAV might function as a positive regulator of CUC-STM pathway genes. GmRAV might indirectly activate shoot meristem-specifying STM and WUS through CUC, leading to the formation of cell mounds and eventually the construction of adventitious SAMs. Similarly, four AP2/ERF transcription factor genes ESR1, ESR2, RAP2.6L, and BBM have also been reported to be induced by CKs, and promoted shoot regeneration in tissue culture in the presence of CKs (Banno et al., 2001; Boutilier et al., 2002; Srinivasan et al., 2002; Che et al., 2006; Ikeda et al., 2006) . Although many genes related to shoot regeneration showed increased transcript abundances in GmRAV-ox plants, which genes were the direct targets of GmRAV action was not yet known GmRAV-ox tobacco plants conferred a strong shoot regeneration phenotype, but decreased shoot regeneration in GmRAV-i soybean and the Arabidopsis rav mutant in the presence of exogenous CK. Experiments with a CK concentration series showed that GmRAV-ox increased the sensitivity not only for CK but also for the maximum number of regenerated shoots, which suggested that GmRAV and CK acted synergistically. Likewise, a lower frequency of shoot regeneration was observed when the cotyledonary nodes of the GmRAV-i soybean seedlings were cultured in the presence of 6-BA compared with WT soybean. GmRAV-i soybean seedlings and Arabidopsis rav mutants behaved similarly in shoot regeneration, providing additional evidence that the shoot regeneration phenotype was, indeed, due to reduced expression of the RAV gene. Similarly, transgenically increased expression of either CUC1 or CUC2 also promoted adventitious shoot formation from calli through STM activation in the presence of CK (Daimon et al., 2003) . Taken together, the evidence suggested that GmRAV promoted shoot regeneration through transactivating downstream CUC2, and functioned upstream of the SAM regulator genes STM and WUS. GmRAV might be involved in both photoperiod and CK pathways to regulate flowering
Soybean is a SD plant. SD conditions promoted the transition to flowering. Moreover, the mRNA abundance of GmRAV in soybean leaves in SD conditions was higher than that in LD conditions. It was thought GmRAV might be an activator of flowering. However, GmRAV-ox tobacco plants showed late-flowering phenotypes especially in SD conditions, which indicated that another developmental cue or environmental signal also controlled the timing of flowering. As expected, exogenous CKs inhibited flowering through GmRAV action. Phenotypic analysis demonstrated that GmRAV-ox tobacco plants flowered later than WT plants regardless of daylength, especially under SD conditions. The GmRAV-ox resulted in an increase of photoperiodic regulation of flowering time. Therefore, GmRAV delayed flowering in tobacco in a daylength-dependent manner. Likewise, GmRAV-i soybean flowered earlier. GmRAV-i appeared to act by increasing the transcript abundance of GmFT2a but did not affect GmCO expression. Just like AtRAV (Castillejo and Pelaz, 2008) GmRAV was also a repressor of flowering and may act by regulating GmFT2a transcript abundance (Kong et al., 2010) . GmRAV negatively regulated the photoperiodic control of flowering time responses in plants.
Supplementary data
Supplementary data are available at JXB online. Table S1 . Comparison of growth parameters of transformed GmRAV-ox tobacco plants and the wild type (WT) grown in the growth chamber at 25°C under LD and SD conditions. Table S2 . Primers used for PCR analysis. Table S3 . List of components in the media used for the modified soybean cotyledonary node transformation method. Table S4 . List of components in the media used for the modified soybean cotyledonary node transformation method.
